Extensive air showers (EAS) have been known for over 30 years to emit pulses of radio emission at frequencies from a few to a few hundred MHz, an effect that offers great opportunities for the study of EAS with the next generation of "software radio interferometers" such as LOFAR and LOPES. The details of the emission mechanism, however, remain rather uncertain to date. Following past suggestions that the bulk of the emission is of geomagnetic origin, we model the radio pulses as "coherent geosynchrotron radiation" arising from the deflection of electrons and positrons in the earth's magnetic field. We analytically develop our model in a step-by-step procedure to disentangle the coherence effects arising from different scales present in the shower structure and infer which shower characteristics govern the frequency spectrum and radial dependence of the emission. The effect is unavoidable and our predictions are in good agreement with the available experimental data within their large margins of error.
Introduction
Research concerning radio emission from EAS almost ceased completely in the 1970s. With the advent of fully digital "software radio interferometers" such as LOFAR, however, it once more becomes very attractive to measure EAS through their radio emission. The technique is also ideally suited to be combined with classical particle detector arrays such as KASCADE Grande (as evident from the LOPES experiment described in [3] ) or AUGER and offers the advantage of a very high duty cycle and cost-effectiveness over air fluorescence methods.
Past experiments have established that the dominant emission mechanism is related to the earth's magnetic field. The strength of the emission is, however, still rather unclear and past modeling efforts have not been developed to sufficient depth for application to concrete experiments. We therefore take the new approach of modeling the radio emission as "coherent geosynchrotron emission" as first proposed by [2] and developed in depth in [4] and [8] . with recent Monte-Carlo simulations by [8] we take a more analytical approach in hope to better understand the various coherence effects shaping the emission and additionally take into account the longitudinal shower evolution.
The Model
Starting with the works of [5] we base our model on the frequency spectra of synchrotron pulses emitted by highly relativistic electron-positron pairs:
where
with ξ = ωρ 3c
and ρ = γm e c 2 eB sin α .
Our gradual development of the integration over the shower particles helps in understanding the coherence effects arising from the different scales present in the shower. Examination of a point source demonstrates the importance of the intrinsic beaming of the synchrotron pulses for the radial dependence of the emission. Going from a point source to a longitudinal line charge of a few metres length (corresponding to the thickness of the shower "pancake") shows that the associated coherence losses limit the frequency spectrum to the regime < 100 MHz. Extending the model to a spherical shell and later on a "flaring disk" reveals coherence effects arising from a more realistic shower geometry. We take the lateral particle distribution into account via NKG-functions and incorporate the longitudinal spread as a function of distance from the shower axis through empirical data. An enhancement of the emission at high distances in the E-W compared to the N-S direction arises from the dependence on the geomagnetic field. In the last step we integrate over the longitudinal shower evolution as a whole, which has a strong impact on the total emission strength and the radial dependence of the emission. We also consider the energy distribution of the particles.
Comparison with Data
At the moment, the available historic data on radio emission from EAS is subject to large uncertainties. This is mainly due to discrepancies in the emission strength of an order of magnitude between the data sets from different groups, probably arising from radio calibration issues, and a lack of precision in the documentation of the more than 30 years old data sets. Additionally, there are some . Horizontal lines represent 3σ-detection for a LOPES station with 1/10/100 antennas. E-W direction would be significantly enhanced at high distances. For details see [4] .
subtleties involved in the conversion of theoretical values (E ω ) to measured quantities (ǫ ν ). We have chosen the well documented data of [1] and compared them with our predictions for the radial dependence of the emission of a 10 17 eV vertical air shower in Figure 1 . For an assessment of the spectral dependence as shown in Figure 2 we have taken data from [6] and [7] and rescaled them so that they are consistent with the data of [1].
Discussion
As can be seen in Figures 1 and 2 , our calculations successfully reproduce the trends visible in the data sets. As for the absolute strength of the emission, our model somewhat over-predicts the data of [1] , which is already at the upper end of the available data sets. Given the very simplified integration over the longitudinal shower evolution this is, however, not too surprising. We also find a significant E-W to N-S anisotropy in the emission strength (not shown here). In general, it is thus clear that a significant contribution by the geomagnetic emission mechanism is unavoidable. At the moment, the acquisition of reliable experimental data is of paramount importance. As our signal-to-noise calculations indicate, this will be accomplished by LOPES in the near future, see [3] .
Conclusions
Our model of "coherent geosynchrotron radiation" reproduces the available experimental data within their large margins of error. The step-by-step modeling procedure illustrates that the high-frequency cutoff in the emission spectra is grey/black points: rescaled data from [6] / [7] . For details see [4] .
mainly governed by the longitudinal spread, i.e. thickness, of the shower "pancake". The radial dependence is governed by the intrinsic beaming of the pulses as well as the integration over the shower evolution as a whole. The predicted asymmetry of emission strength in N-S and E-W directions will be verifiable with LOPES and would help in the detection of EAS out to high distances in the E-W direction. In a next step, we will use this model as a basis for the development of a sophisticated numerical simulation that includes additional aspects such as near-field effects, polarisation and Askaryan-typeČerenkov radiation.
6. List of Symbols/Nomenclature R = distance observer-particle E = electric field c = speed of light e/m e = electron unit charge/mass ω = 2π observing frequency θ = minimum angle to line of sight γ = particle Lorentz factor K ν = modified Bessel-function of order ν B = earth's magnetic field α = pitch angle of particle trajectory
